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In this theoretical study, we present a near-field thermal modulator that exhibits change in radiative

heat transfer when subjected to mechanical stress/strain. The device has two terminals at different

temperatures separated by vacuum: one fixed and one stretchable. The stretchable side contains

one-dimensional grating. When subjected to mechanical strain, the effective optical properties of

the stretchable side are affected upon deformation of the grating. This results in modulation of sur-

face waves across the interfaces influencing near-field radiative heat transfer. We show that for a

separation of 100 nm, it is possible to achieve 25% change in radiative heat transfer for a strain of

10%. Published by AIP Publishing. https://doi.org/10.1063/1.5037468

The idea of thermal modulation, manipulation, and recti-

fication has gathered significant attention in the past two dec-

ades. Conduction (phonons) based as well as radiation

(photons) based thermal analogues of electronic devices

such as thermal diodes,1,2 thermal transistors,3–5 thermal

logic gates,6 and thermal memory elements7 have been pre-

sented in several research articles. The topic of heat manipu-

lation is important due to its potential applications in thermal

management, information processing,7–9 and energy conver-

sion systems.

Due to the presence of Kapitza resistances and speed of

phonons, phonon-based devices have some limitations.10 As

a result, modulation of radiative heat transfer has become

more attractive in recent years. Moreover, a radiation based

device can take advantage of near-field effects—a regime

where radiative heat transfer exceeds the blackbody limit by

several orders of magnitude and attains heat modulation via

manipulation of surface waves across the vacuum gap.

Modulation of radiative heat transfer can be achieved by

changing the distance between the substrates. Alternatively,

manipulation of heat flux can be achieved by changing the

optical properties of the materials and this approach is being

investigated quite extensively. The principle idea of such

devices is to utilize a change in optical properties of a phase-

transition material to achieve a contrast in heat transfer.11

For example, Zwol et al.12 theoretically demonstrated a

modulation of near-field radiative heat flux at a distance of

100 nm utilizing in crystalline and amorphous states of AIST

(an alloy of silver, indium, antimony, and tellurium) that can

be achieved using a current pulse. Yang et al.13 proposed a

VO2 based near-field radiative device that acts like a thermal

switch. Numerous studies that rely upon enhancement or

suppression of surface waves across the near-field gap to

influence heat transfer can be found in the literature.13–18

One of the shortcomings of phase-transition based heat

modulation devices is that they must be operated around a

particular temperature, such as 68 �C for VO2. In the case of

materials like silicon carbide, only a gradual heat modulation

is observed as the phase transition is not abrupt at a unique

temperature. In contrast to work investigating phase-

transition materials, work relating to heat modulation upon

change in geometrical or mechanical configuration is sparse.

Most notably, Biehs et al.19 showed that modulation of near-

field heat transfer across two gratings can be attained by

changing the relative orientation. In another instance, Liu

et al.20 presented a rotation-based near-field radiative ther-

mal modulator that utilizes van der Waals materials. A key

feature of such devices is that a continuous heat modulation

is possible as opposed to thermal rectifiers that rely on phase

transition.

The use of metamaterials to attain active control of opti-

cal properties, wavelength selective absorption, and emission

has been researched before such as controlling optical proper-

ties through injection of electrical charge.21 Reconfigurable

metamaterials have paved the way for dynamic control of

optical and radiative properties.22,23 Moridani et al. demon-

strated a tunable plasmonic thermal emitter using an elasti-

cally deformable plasmonic microstructure. Lee et al.24

achieved dynamic control of thermal radiation by utilizing a

foldable metamaterial. Such stretchable or foldable metamate-

rials can have a variety of applications in optoelectronic and

biological sensors. These works deal with far-field configura-

tions. However, such concepts have not yet been discussed in

the near-field regime. In this letter, we investigate near-field

radiative transfer between a planar structure and a grating-

based microstructure wherein the grating-based structure is

stretchable when subjected to mechanical stress. Here, the

stretchable grating is the active metamaterial. We show that, it

is possible to obtain a strong sensitivity of near-field radiative

transfer to the mechanical strain.

Figure 1(a) introduces the concept of the near-field ther-

mal modulator discussed here. In its simplest form, the

device consists of two structures held at two different tem-

peratures separated by a vacuum gap smaller than the wave-

length of thermal radiation. Near-field radiative heat transfer

between nanostructures has been measured before, and such

configurations can be attained using mechanical spacers.25–27

One structure is made up of fixed planar media, while thea)Electronic mail: zheng@uri.edu
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other has a stretchable grating that forms active or reconfig-

urable metamaterials. We propose to utilize a 1-D rectangu-

lar grating of a material over a thin film of an elastomer on

the stretchable side. For simplicity, the choice of materials

should be such that the grating material has a much higher

Young’s modulus than the polymer. To quantify thermal

modulation, strain sensitivity a of such a thermal modulator

can be defined as the ratio of relative change in heat transfer

to the strain

a ¼ jDQj=Q

�
: (1)

Here, Q is the radiative heat flux across the interfaces in the

neutral configuration with dimension x and jDQj is the abso-

lute change in heat transfer when subjected to mechanical

strain of � ¼ jDxj=x. A schematic of the device upon

mechanical strain is depicted in Fig. 1(b). In its neutral state,

the grating has period K and filling ratio /. The width of the

grating material is w ¼ K/. When subjected to a mechanical

deformation of Dx, the polymer between the grating strips

stretches and the grating period and the filling ratio change.

The grating strip does not undergo any deformation as it has

a much higher Young’s modulus. It is also assumed that the

part of the polymer layer right below the grating strip does

not elongate. Therefore, the new grating period is Kþ Dx
and the new filling ratio is w=ðKþ DxÞ. In this study, the

stretchable side has a grating of cubic Boron Nitride over a

60 nm layer of Polydimethylsiloxane (PDMS). The fixed

side has a layer of cBN over a 1 lm layer of gold deposited

on a substrate. The thickness of the cBN film h1, grating

height h2, and neutral filling ratio / can be tuned to achieve

the maximum sensitivity of near-field radiative transfer to

mechanical strain. Temperatures of the fixed side and

stretchable side are assumed to be T1 ¼ 301 K and T2 ¼ 300

K, respectively. The vacuum gap is assumed to be

L¼ 100 nm. Note that, when the grating is deformed, the

thickness of the PDMS is also reduced. Owing to Poisson’s

ratio of PDMS (0.5), it is assumed that this change is negligi-

ble for the sake of simplicity. For example, a 10% strain

leads to about 3 nm reduction in the total thickness of the

PDMS layer. Furthermore, it is assumed that the separation

between the two sides remains the same during deformation

as it is maintained by mechanical spacers. Owing to the high

elasticity of PDMS, it is assumed that the bonding between

cBN strips and PDMS would not fail. From a practical con-

sideration, this problem can be resolved by using an adhesive

layer between cBN strips and PDMS. Since the majority of

contribution to the radiative heat transfer is due to surface

modes of cBN, the presence of the adhesive layer would not

have a significant effect on the results. It is also assumed that

the optical properties of PDMS do not change when sub-

jected to mechanical deformation.

A potential fabrication scheme for the stretchable side

of the proposed device can be achieved by fabrication of the

cBN grating on a carrier substrate and that can be then trans-

ferred to the PDMS substrate via the “peel and stick”

method. cBN grating can be deposited using chemical vapor

deposition (CVD) and reactive etching on a carrier metal.28

The grating can be delaminated using adhesive heat tape29

and can be transferred to the final PDMS substrate.

The expression to calculate heat flux across the near-

field thermal modulator can be obtained through dyadic

Green’s function formalism.30 Radiative transfer between

planar objects can be calculated by the following

expression:

Q1!2ðT1; T2; LÞ ¼
ð1

0

dx
2p

Hðx; T1Þ �Hðx; T2Þ½ �T1!2ðx; LÞ;

(2)

where Hðx; TÞ ¼ ð�hx=2Þcothð�hx=2kBTÞ is the energy of the

harmonic oscillator at frequency x and temperature T, �h is

the reduced Planck constant, and kB is the Boltzmann con-

stant. The function T1!2ðx; LÞ is called as the spectral trans-

missivity of radiative transport between media 1 and 2

separated by distance L30 and is expressed as

T1!2ðxÞ ¼
ð1

0

kqdkq

2p
nðx; kqÞ: (3)

Here, kq is the parallel component of wavevector and

nðx; kqÞ is known as the energy transmission coefficient and

is given by

nðx; kq � x=cÞ

¼
X
l¼s;p

ð1� j ~RðlÞ1 j
2 � j ~T ðlÞ1 j

2Þð1� j ~RðlÞ2 j
2 � j ~T ðlÞ2 j

2Þ
j1� ~R

ðlÞ
1

~R
ðlÞ
2 e2jkzLj2

;

(4a)

FIG. 1. Schematic of a near-field thermal modulator. (a) The fixed side has a

thin film on cBN on a layer of gold while the stretchable side has 1-D rectan-

gular grating of cBN on a layer of PDMS deposited on gold. (b) When the

grating is stretched, the PDMS layer gets elongated along with the substrate,

but cBN does not.
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nðx; kq > x=cÞ ¼
X
l¼s;p

4=ð ~RðlÞ1 Þ=ð ~R
ðlÞ
2 Þe�2jkzjL

j1� ~R
ðlÞ
1

~R
ðlÞ
2 e�2jkzjLj2

; (4b)

where ~R
ðlÞ
1 ; ~R

ðlÞ
2 and ~T

ðlÞ
1 and ~T

ðlÞ
2 are the polarized reflec-

tion and transmission coefficients of the two half spaces,

l ¼ s (or p) refers to the transverse electric (or magnetic)

polarization, and kz is the z-component of wavevector in vac-

uum. kq � x=c and kq > x=c correspond to the propagating

and evanescent modes, respectively. The expression is valid

for multi-layered planar structures or planar media with

effective dielectric properties. As our designs involve a 1-D

grating structure of cBN in vacuum, second order approxi-

mation of effective medium theory was used to obtain the

effective dielectric properties given by31

eTE;2 ¼ eTE;0 1þ p2

3

K
k

� �2

/2ð1� /Þ2 ðeA � eBÞ2

eTE;0

" #
; (5a)

eTM;2 ¼ eTM;0

�
1þ p2

3

K
k

� �2

/2ð1� /Þ2

� ðeA � eBÞ2eTE;0
eTM;0

eAeB

� �2
�
; (5b)

where eA and eB are the dielectric functions of the two mate-

rials (cBN and vacuum) in surface gratings, k is the wave-

length, K is the grating period, and filling ratio / ¼ w=K,

where w is the width of the cBN segment. The expressions

for zeroth order effective dielectric functions eTE;0 and eTM;0

are given by31,32

eTE;0 ¼ /eA þ ð1� /ÞeB; (6a)

eTM;0 ¼
/
eA
þ 1� /

eB

� ��1

: (6b)

We limit ourselves within the domain of validity of the

effective medium approximation (EMA) and choose grating

period K ¼ 30 nm that is much smaller than the thermal

wavelength �10 lm at 300 K. Furthermore, the grating

period must be smaller than the vacuum gap for the EMA to

be valid for a near-field configuration.33 K ¼ 30 nm satisfies

that criterion as well.

The dielectric properties of gold can be found in the

study by Johnson and Christy.34 Refractive indices of PDMS

are taken from the study by Querry et al.,35 while the dielec-

tric function for cBN is taken from the study by Eremets

et al.36

Before reaching the choice of materials and configura-

tions, numerical simulations were conducted for a variety of

materials (including Si, SiO2, ZnO, SiC, and gold) for the

grating and the top layer of the fixed side. It was found out

that, sensitivity is high when the same material is used on the

stretchable side and the fixed side. As discussed later, the

majority of near-field heat transfer is due to surface phonon

polaritons and stronger coupling of surface waves is

achieved when the same material is used on both the sides.

Furthermore, it was observed that the choice of polymer and

its layer thickness at the bottom of the grating is more or less

irrelevant in the near-field regime. Hence, the PDMS layer

was fixed to 60 nm. This was followed by running an optimi-

zation routine for variables h1, h2, and / to maximize a. Of

the variety of structures and materials considered, the opti-

mal configuration has cBN with h1 ¼ 196 nm, h2 ¼ 150 nm,

and initial filling ratio / ¼ 0:6.

In order to highlight strain-induced thermal modulation

performance of the proposed device, Fig. 2(a) plots near-

field radiative heat transfer across the device as a function of

strain on the stretchable side. As can be clearly seen, the

radiative heat flux drops with mechanical deformation of the

grating. In the neutral position, radiative heat transfer across

the device is about 35.7 W/m2. When subjected to 5% strain,

the filling ratio of the grating on the stretchable side changes

from 0.6 to 0.54. As a consequence, radiative heat flux is

reduced by �13% to 26.7 W/m2. This decrease is almost lin-

ear in this region, and the sensitivity (a) of this configuration

is about 2.8. 10% deformation leads to �25% reduction in

heat flux; however, the trend is no longer linear. Larger

deformation induces greater reduction in heat flux. Near-

field heat transfer is reduced by 41% for 20% strain. At

this point, the filling ratio of the cBN grating would be 0.5.

To analyze the thermal modulation effect for gap spacing,

FIG. 2. (a) Strain dependent heat flux shown for the optimal configuration of

thermal modulator. 10% strain on the stretchable side causes nearly 25%

reduction in the heat transfer. (b) Sensitivity of the proposed device as a

function of separation between the structures.
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Fig. 2(b) plots the sensitivity of the device against the gap.

Sensitivity drops dramatically as the distance is increased

and becomes near constant for gaps larger than �1 lm. As

contribution of surface waves is negligible in the far-field,

the structures are relatively insensitive to strain or a small

change in the filling ratio.

Figure 3(a) shows spectral radiative heat flux across the

interfaces of the proposed thermal modulator without defor-

mation of the stretchable side. The total spectral heat flux

and contributions of TE and TM modes are shown. The two

sharp peaks seen in the spectral plot correspond to the frus-

trated modes of cBN. These are the characteristic wave-

lengths of cBN (7.6 lm and 9.8 lm). Since cBN supports

surface phonon polaritons (SPhPs), near-field radiative heat

transfer can be attributed to symmetric and anti-symmetric

surface phonons. It can be clearly observed that the contribu-

tion of the TE mode is practically negligible when compared

to the overall heat transfer. Moreover, the majority of the

spectral heat flux is centered around 7.6 lm where the dielec-

tric function of cBN becomes negative and refers to surface

phonon polariton dispersion. Figure 3(b) depicts the coeffi-

cient of energy transmission across the interfaces against

normalized parallel wave vector (kqc=x) and wavelength.

The bright regions of the plot show high transmission that

occurs near 7.6 lm and 9.8 lm. High transmission at large

values of normalized parallel wave vector (kqc=x� 1) at

these wavelengths suggests dominant contribution of surface

phonon polaritons. There exists a weak contribution due to

Fabry-Perot modes and frustrated modes (kqc=x 	 1) in the

near-field regime. Spectral heat flux due to the TM mode for

0% and 10% strain is plotted in Fig. 3(c). When subjected to

the strain of 10%, a reduction in spectral heat flux is seen

near k � 7.6 lm, the wavelength at which the coupling of

SPhPs occurs, while the rest of the spectrum is relatively

unchanged. This peak, however, occurs at the same location

k ¼ 7.92 lm with and without deformation. Strain-induced

change in the filling ratio resulting in the change in the effec-

tive optical properties of the grating layer disturbs the cou-

pling of SPhPs across the interfaces. The lower filling ratio is

believed to be causing an increased scattering of surface

waves leading to weaker coupling of surface modes.

Therefore, materials supporting surface polaritons are more

suitable for the proposed concept.

While we limit ourselves to the analysis of the design

with a 60 nm thick PDMS layer, it is possible to use thicker

layers of PDMS. From the analytical point of view, one of

the challenges of such a design is that, when such a layer is

deformed, its thickness changes by a non-negligible amount.

Furthermore, owing to the rigidity of cBN, the thickness of

the PDMS layer between the grating strips and that below

the grating strip will be different, leading to a non-uniform

deformation of the PDMS layer. A more detailed simulation

of the structure is necessary to analyze deformation of such a

structure. However, a key advantage of such a design is that,

when deformed, the separation between the two sides of the

modulator also changes (increases). These changes can be

quite significant for thicker layers of PDMS. It would lead to

an increased sensitivity of the device. We leave this point to

be addressed in future works. We would like to highlight

that a negative strain or compression of the grating side

would have a similar effect on near-field radiative heat flux.

To address the issue of buckling of the grating structure dur-

ing compression, one can design the device with pretension

in the PDMS layer. Negative strain in such a scenario will

then be feasible, and the device would be sensitive to both

tensile and compressive strains.

Thus, we have presented a concept of a near-field ther-

mal modulator that exhibits sensitivity to subjected mechani-

cal strain to modulate radiative heat transfer. A grating of

cBN on a polymer layer of PDMS allows reversible stretch-

ing of the structure. Deformation of the grating leads to a

change in the filling ratio of the grating, and therefore, the

effective optical properties of the grating layer can be

actively changed. In the proposed design, the deformation

causes a reduced coupling of surface waves across the inter-

faces and reduces the near-field heat flux across the vacuum

gap. In the optimal configuration, 10% deformation can

cause about 25% change in radiative heat transfer. Given the

elastic properties of PDMS, greater modulation of heat flux

is possible for larger deformation. Moreover, the device can

be made sensitive to negative strains by having pretension in

the PDMS layer. A further increase in sensitivity can be

attained by using thicker layers of PDMS. The proposed

device allows dynamic and reversible control of radiative

transfer. Such concepts can be explored for negative index

metamaterials and hyperbolic metamaterials. It has potential

applications in near-field strain gauges, optoelectronic devi-

ces, and biological sensors and actuators.
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FIG. 3. (a) Spectral heat flux in neutral configuration (� ¼ 0%) of the proposed device, contributions of TE and TM polarizations are shown. (b) Coefficient of

energy transmission nðx; kqÞ across the two interfaces of thermal modulator in neutral configuration plotted against wavelength and normalized parallel wave-

vector kqc=x. (c) TM component of spectral heat flux in neutral vs 10% strained configuration.
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